INACTIVE LIFESTYLES AND THE RISING RATES OF OBESITY in the US are leading to an increased incidence of adult-onset type 2 diabetes mellitus (DM) and cardiovascular disease (8, 15) . The contribution of physical inactivity as a risk factor for insulin resistance (IR) and DM has been firmly established, although the link has not been fully defined (2, 14) . One potential link may be in the vascular actions of insulin, which are mediated by molecular events downstream from insulin receptor signaling (13) .
In healthy individuals, both exercise and physiological hyperinsulinemia increase skeletal muscle blood flow in part through capillary recruitment (6, 7, 30) . Insulin-mediated capillary recruitment occurs in an nitric oxide (NO)-dependent manner within minutes and increases the surface area for glucose uptake, thus contributing to postprandial glucose storage (28, 29) . There is evidence that abnormal capillary recruitment plays a primary role in the development of IR by limiting the surface area available for glucose uptake. Contrast-enhanced ultrasound (CEU) studies have demonstrated that capillary recruitment in response to insulin or carbohydrate loading is impaired in states of obesity and DM (4, 5) . This impairment can be overcome by contractile exercise, which acutely augments both capillary recruitment and insulinmediated glucose uptake in muscle (9, 34) . Moreover, exercise training in normal and insulin-resistant rats has been shown to improve insulin-mediated glucose uptake, capillary recruitment, and NO-mediated vasodilation, suggesting that exercise potentiates vascular insulin sensitivity as well (17, 19) .
In the current study, we tested the hypothesis that inactivity alone, in the absence of obesity, leads to abnormal capillary recruitment and contributes to the development of insulin resistance. To test this hypothesis, CEU was performed to assess capillary responses to glucose challenge and exercise in activityrestricted (AR) nonhuman primates.
METHODS
Study design. The ethics and protocols for this study were approved by the Animal Care and Use Committee of the Oregon National Primate Research Center and conform to the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health. Nineteen adult male rhesus macaques (Macaca mulatta) 9 -12 yr of age were studied. Thirteen animals were AR for a mean of 6 yr in single-cage housing that conformed to US Department of Agriculture and Association for Assessment and Accreditation of Laboratory Animal Care guidelines. The remaining six animals formed the normal-activity (NA) cohort and were group housed in large (1-acre) corrals with access to play structures. All animals were a fed standard chow diet (fiber-balanced monkey diet) in which total caloric content was balanced between carbohydrates (58%), protein (27%), and fat (15%). For all studies, primates were fasted overnight. Telazol (5 mg/kg im) was used for sedation during intravenous glucose tolerance tests (IVGTT) and dual X-ray absorptiometry (DEXA) scans. Ketamine (10 mg/kg im) was used for sedation during ultrasound studies along with isoflurane (1.0 -1.5%) for maintenance general anesthesia. A certified primate surgical technician evaluated eyelid activity and end tidal carbon dioxide levels continuously to ensure the adequacy of anesthesia. IVGTTs were performed to assess insulin sensitivity, and DEXA scans were performed for body morphometry. On a separate day, bioactivity of NO was assessed by brachial artery flow-mediated vasodilation (FMD), and skeletal muscle CEU was performed. CEU of the forearm flexors was performed at rest and during contractile exercise, whereas CEU of the gastrocnemius was performed during an intravenous glucose challenge.
IVGTT. Animals received dextrose (600 mg/kg) intravenously for 1 min. Venous blood samples were obtained at baseline and at 1, 3, 5, 10, 20, 40, and 60 min after injection for measurement of blood glucose (Freestyle; Abbott Laboratories) and plasma insulin concentration by radioimmunoassay (Immulite 2000; Siemens Medical Systems). Time concentration curves were plotted, and data were expressed as the glucose or insulin area-under-the-curve (AUC) concentration from time baseline to 60 min. These parameters where chosen to distinguish the degree of IR between the cohorts due to the heterogeneity in the severity and temporal course of IR in rhesus macaques (11) .
Muscle mass and truncal fat assessment. Body composition for the determination of bone mineral content, lean mass, and fat mass was assessed by DEXA imaging (Discovery A; Hologic). Skeletal muscle mass was computed as the lean mass (kg) of the bilateral extremities. Truncal fat data are expressed as the ratio of truncal fat mass to truncal total mass.
FMD. The brachial artery was imaged in its long axis using a lineararray 2-D ultrasound transducer (15L8, Sequoia; Siemens Medical Systems) at 10 MHz. Pulsed-wave Doppler was performed to measure centerline average peak velocity. Data were acquired at baseline and every 30 s for 3 min after ischemia produced by 5-min insufflation of a forearm cuff to 50 mmHg above systolic pressure. Brachial artery diameter was measured by averaging nine separate end-diastolic measurements over three cardiac cycles. FMD data were expressed as absolute change in diameter and percent change from baseline.
Skeletal muscle perfusion and functional capillary blood volume. CEU imaging (Sequoia 512; Siemens Medical Systems) was performed using a linear array transducer at a transmit frequency of 7 MHz. The nonlinear fundamental signal for microbubble contrast agent was detected using multipulse phase and amplitude modulation at a mechanical index of 1.4. Muscles were imaged in the transverse plane, and gain settings were kept constant. Lipid-shelled octafluoropropane microbubbles (Definity; Lantheus Medical Imaging) were diluted with saline (1.3 ml to total volume 30 ml) and infused at intravenously at a rate of 1 ml/min for skeletal muscle imaging and at 0.25 ml/min for blood pool imaging. Blood pool microbubble signal intensity (I B) was determined by averaging several frames during brachial artery imaging at a pulsing interval (PI) of 2 s. Skeletal muscle CEU data were acquired at a PI of 0.075 to 15 s. Several frames acquired at a PI of 0.075 were averaged and used as background to generate background-subtracted time intensity data that were fit to the function y ϭ A(1 Ϫ e ␤t ), where y is intensity at time t, A is the plateau intensity reflecting relative blood volume, and the rate constant ␤ is the microvascular flux rate (7, 33) . Capillary blood volume (CBV) was quantified by A/(1.06 ϫ IB ϫ F), where 1.06 is tissue density (g/cm 3 ), and F is the scaling factor for the different infusion rate for IB, which was reduced to avoid dynamic range saturation. Microvascular blood flow was quantified by the product of CBV and ␤ (7, 33). Skeletal muscle CEU in the forearm flexors was assessed at rest and 90 s after initiation of contractile exercise via muscle electrostimulation at 1 Hz (10 mA, 1-ms pulse width). CEU of the gastrocnemius was performed at rest and at 15 and 30 min after intravenous administration of dextrose (600 mg/kg for 1 min).
Plasma lipids, inflammatory biomarkers, and epoxyeicosatrienoic acid. Venous blood samples were collected under general anesthesia for measurement of serum cholesterol and triglycerides. Inflammatory biomarker profile was determined using human inflammatory panel MAP version 1.6 (Rules Based Medicine), which provides crossreactivity with nonhuman primates for many biomarkers. Plasma 14,15-epoxyeicosatrienoic acid (14,15-EET) level was measured by liquid chromatography-mass spectrometry.
Physical activity level. Average daily activity level was measured by radiotelemetry collars that detect activity through an accelerometer (Actcall Philips Respironics). Data were obtained only for the AR cohort due to concerns regarding collar use in an unrestricted and group-housed setting. The total daily activity counts were averaged for 2 wk.
Statistical analysis. Data were analyzed by Prism (version 5.0; GraphPad Software) and are expressed as either means Ϯ SD (Table 1) or means Ϯ SE (Table 2 and Figs. 1-3). D'Agostino and Pearson omnibus test were used to assess data normality. Parametric data were analyzed with unpaired Student's t-test and Pearson's product test for correlations. Nonparametric data were analyzed with Mann-Whitney U-test and Spearman's Rho values for correlations. Studies were performed in a shared primate resource with a maximum of 13 AR primates that were eligible for a comprehensive metabolic and vascular assessment, whereas only six NA primates were identified as age-and weight-matched controls. As such, a priori sample size calculations were not performed.
RESULTS
Metabolic and morphometric data. Body weight, skeletal muscle mass, and truncal fat were similar between the NA and AR cohorts, indicating that neither obesity nor loss of muscle mass developed in the AR group despite activity restriction for 6 Ϯ 2 yr (Table 1) . Although the basal insulin and glucose levels were not significantly different between groups, the AR animals had elevated insulin concentration AUC during IVGTT, indicating an insulin-resistant state.
Lipids and biomarker profile. There were no group-related differences in cholesterol content, whereas triglyceride levels were mildly elevated in the AR cohort (Table 2 ). Although plasma C-reactive protein was not different between the cohorts, AR animals had significantly higher monocyte-derived chemokine concentration and nonsignificant trends toward higher concentration of endothelin-1 (ET-1), interleukin-8, macrophage inflammatory protein-1␤, plasminogen activator inhibitor-1 (PAI-1), and the regulated-on-activation normal T cell-expressed and -secreted chemokine.
Vasoactive assays: 14,15-EET and NO bioactivity. In the AR group, there was a nonsignificant trend toward lower concentrations of plasma 14,15-EET, an endothelial-derived hyperpolarizing factor implicated in IR (18) (Fig. 1A) . Bioactivity of NO was assessed by FMD. Baseline brachial dimensions were not significantly different between the two cohorts (Fig. 1B) . However, FMD, assessed by both the absolute and fractional (%) changes in diameter, was significantly reduced in the AR compared with NA cohort (Fig. 1, C and D) . There were no group-related differences in brachial artery velocity on Doppler imaging immediately after reflow (average peak velocity 0.42 Ϯ 0.11 vs. 0.49 Ϯ 0.06 m/s for AR and NA, respectively, P ϭ 0.19), implying no significant differences in shear conditions.
Skeletal muscle microvascular response to contractile exercise. At rest, forearm flexor muscle CBV was slightly lower in the AR compared with NA cohorts, whereas capillary blood flux rate and blood flow were similar between groups (Fig. 2) . Contractile exercise produced a similar increase in the peak capillary blood flux rate between the groups. However, there was less of an increase in CBV during exercise in the AR cohort. As a result, skeletal muscle blood flow, calculated by the product of CBV and the capillary blood flux rate, increased to a greater degree in the NA animals.
Skeletal muscle microvascular response to glucose challenge. At baseline, gastrocnemius CBV, capillary blood flux rate, and blood flow were similar between the AR and NA cohorts (Fig. 3) . After an intravenous glucose challenge, peak capillary blood flux rate increased to a similar degree for AR and NA animals. However, the peak CBV and the change in CBV from baseline (CBV reserve) were reduced significantly in the AR compared with NA animals, indicating less capillary recruitment in response to glucose challenge. As a result, peak skeletal muscle blood flow and the change in blood flow in response to glucose were greater in NA animals. Examples of CEU data obtained at rest and during intravenous glucose challenge from a NA and AR animal are illustrated in Fig. 4 .
When CBV reserve was analyzed as a continuous variable, there was an inverse correlation between the degree of capillary recruitment (CBV reserve) and the insulin AUC during glucose challenge (Fig. 5) , indicating a significant association between impaired microvascular capillary recruitment and IR. To further investigate the idea that activity restriction results in a blunted capillary response to insulin, a microvascular IR index was calculated as the ratio of the peak change in insulin concentration to the peak CBV. The microvascular insulin resistance index was markedly elevated in the AR cohort compared with the NA cohort (2,150 Ϯ 460 vs. 347 Ϯ 15, P Ͻ 0.01).
The daily activity for animals measured by radiotelemetry collars showed considerable variation within the AR cohort despite similar environments. When daily activity level was analyzed as a continuous variable, there was a significant positive correlation between average daily activity and CBV reserve (Fig. 6A) , indicating a relationship between the degree of activity and the degree of capillary recruitment. Furthermore, there was also a significant inverse correlation between daily activity and the microvascular insulin resistance index (Fig. 6B) , indicating a relationship between inactivity and the degree of microvascular IR.
DISCUSSION
It has been demonstrated previously that IR can develop after various durations of physical inactivity in both human and nonhuman primates (1, 10, 11, 26) . Our study identified for the first time that impaired capillary recruitment occurs as a result of inactivity and probably contributes mechanistically to the development of IR. In addition, this study has provided a potential mechanistic link between impaired capillary recruitment and IR by demonstrating a concurrent reduction in NO bioactivity. Another novel finding of this study was that the impairment in capillary recruitment after activity restriction occurred in the absence of abdominal adiposity, hypertension, and systemic inflammation. Overall, our data indicate that a direct relationship between the degree of inactivity and the degree of insulin-mediated capillary recruitment exists, with reduced NO bioactivity as a potential mechanistic link that contributes to the development of IR.
Our study hypothesis that inactivity alone leads to abnormal capillary recruitment and contributes to the development of IR is based on previous work that demonstrated the importance of recruitable capillary surface area for the diffusion of glucose into skeletal muscle (3) . In these previous studies, reduced glucose storage capacity was associated with a reduction in recruitable CBV, measured by capillary xanthine-oxidase activity or CEU, in obese and insulin-resistant animals and humans (4, 5, 32) . Furthermore, the importance of capillary recruitment for both glucose uptake and insulin delivery is supported by the reduction in insulin-mediated glucose uptake and insulin receptor signaling after graded microsphere occlusion of skeletal muscle microcirculation without a change in basal glucose uptake and insulin receptor signaling (31) . In aggregate, these studies together with our data suggest that microvascular dysfunction is not simply a downstream consequence of DM. Rather, microvascular dysfunction contributes to the development of IR by reducing the capillary surface area needed for the proper transport of glucose and insulin to their sites of metabolic action.
In this study, there was a significant reduction in the capillary response not only to insulin but to exercise as well. This finding may produce some controversy since there are conflicting past data on whether microvascular responses to exercise are impaired in obesity or uncomplicated DM (9, 19, 20, 34, Fig. 2 . Forearm flexor perfusion at rest and during exercise. Mean (Ϯ SE) values for capillary blood volume (CBV), capillary blood flux rate, and microvascular blood flow from contrast-enhanced ultrasound performed at baseline and during contractile exercise for NA and AR primates. *P Ͻ 0.05 vs. NA group; †P Ͻ 0.05 vs. baseline. Fig. 3 . Gastrocnemius baseline and peak perfusion after glucose challenge. Mean (Ϯ SE) values for CBV, capillary blood flux rate, and microvascular blood flow from contrast-enhanced ultrasound performed at baseline and peak hyperemia during intravenous glucose tolerance test (IVGTT). *P Ͻ 0.05 vs. NA group. 35 ). Furthermore, whether impaired exercise-mediated capillary recruitment also contributes to the pathogenesis of IR is unclear, because our study did not define a relationship between the degree of IR and impaired exercise-mediated capillary recruitment. However, when the peak blood volume in response to either contractile exercise (Fig. 2) or to a glucose bolus (Fig. 3) is examined, there is a nearly identical twofold increase in the peak blood volume achieved by the NA cohort. These results suggest that reduced physical activity produces a broad resistance to metabolic stimuli that normally produce capillary recruitment and imply that a generalized mircovascular dysfunction may be contributing to the pathophysiology of metabolic disease states.
Although our study was not able to definitively identify a specific molecular mechanism for the impaired capillary recruitment, our results support the thought that reduced NO bioactivity plays an important role. The predominant microvascular effects of insulin, including capillary recruitment, are NO-dependent and involve downstream insulin receptor signaling and endothelial NO synthase activation through the common phosphatidylinositol (PI) 3-kinase/Akt pathway (21, 25, 29) . The slightly increased ET-1 in AR animals in our study is consistent with the concept of a shift in downstream insulin receptor signaling, which differentially controls NO (PI 3-kinase/Akt pathway) and ET-1 production (MAP kinase pathway) (13) . Our data that support a possible mechanistic link between impaired NO bioactivity and IR are supported further by findings in a recent nonhuman primate model of metabolic syndrome that demonstrated similar reductions in FMD (36) . In addition to shear mediated NO vasodilatory pathways, we also studied the prostaglandin metabolite 14,15-EET, which has vasodilatory actions (both direct and indirect through NO) that become impaired in small-animal models of obesity and IR (18) . Interventions that increase 14,15-EET through inhibition of soluble epoxide hydrolase have been shown to increase insulin sensitivity (16) . In our study, we were intrigued to find lower 14,15-EET levels in AR animals. Although these differences were not significant, they are hypothesis generating and thus need further investigation in larger primate cohorts.
Although not a major focus of this study, we investigated for any difference in inflammatory biomarkers since a heightened inflammatory state may contribute to the pathogenesis of IR and to increased risk for cardiovascular disease in IR subjects. For the markers that cross-reacted with our rhesus macaque cohorts, Fig. 4 . Contrast-enhanced ultrasound in a NA and an AR primate. Contrast-enhanced ultrasound time vs. CBV curves obtained during rest and peak hyperemia during an IVGTT for a NA subject (A) and an AR subject (B). Corresponding background-subtracted color-coded contrast-enhanced ultrasound images at increasing pulsing intervals (PI) are at right. almost all were higher in the AR animals, although for most markers these differences did not reach statistical significance.
There are several limitations of our study worth noting. Although we believe that the reduced CBV reserve in AR animals was from a functional impairment in the capillary response, we did not exclude a morphological reduction in capillary number. However, previous CEU studies in obese insulin-resistant rats have demonstrated marked reductions in insulin-mediated CBV reserve without evidence for capillary rarefaction on histology (4). Although the bioactivity of NO was reduced in the AR animals, we were unable to examine whether there were other microvascular regulatory defects. The shared nature of the primate resource limited our ability to test brachial artery reactivity in response to direct NO donors and smooth muscle vasodilators. This testing would have allowed us to further differentiate whether abnormal NO bioactivity occurred from problems with endothelial generation, excess NO scavenging, a vascular smooth muscle cell defect, or whether there was a generalized microvascular defect similar to what has been described in obese humans with the metabolic syndrome (22) . We also did not completely exclude other potential mechanisms for IR in the AR group. Since triglyceride levels increased slightly with inactivity, IR from lipotoxicity cannot be excluded (23, 24) . In addition, although inflammatory biomarkers tended to rise with activity restriction, TNF␣ (known to impair insulin signaling) could not be measured because of a lack of cross-reactivity with the human assay. Unfortunately, activity monitoring was possible in the AR cohort only, and no significant correlations between physical activity and either the exercise CBV response or FMD were noted. Finally, we have not proven mechanistically that inactivity leads to impaired capillary recruitment, which in turn contributes to the development of IR. However, we have provided compelling evidence that varying degrees of activity are associated with impaired capillary recruitment (Fig. 6A ) and microvascular insulin resistance (Fig. 6B) . Furthermore, across the entire cohort of animals, the degree of impaired capillary recruitment, modifiable by increasing activity levels, was strongly associated with the development of IR (Fig. 5) . Although it is true that cause and effect are difficult to prove, there is an overwhelming preponderance of published data in rat, human, and now nonhuman primate studies that strongly suggests that inactivity alone, in the absence of obesity, leads to abnormal capillary recruitment and contributes to the development of IR.
We believe the results of this study have significant health implications because of the epidemiological evidence linking physical inactivity to IR and increased cardiovascular risk (8, 12) . Understanding both the onset and microvascular mechanisms for IR in the setting of reduced physical activity may alter how providers counsel their patients on adherence to physical activity guidelines (27) . In addition, our results and techniques may provide both the insight and the ability to follow how increasing physical activity and targeted therapies for improving microvascular function will have a direct and dependent outcome on the development of IR.
GRANTS
This work was supported by American Heart Association Fellow-to-Faculty Award 0875005N (S. M. Chadderdon) and National Institute of Diabetes and Digestive and Kidney Diseases Grants R01-DK-063508 (J. R. Lindner) and R01-DK-79194 (K. Grove). 
